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SUMMARY 

Charts aro ^presented for computing tha thrust, fuel 
consumption, audl other performance values of a turbojet engine 
for My riven sot of operating conditions and component #ffi- 
SltntTfir . Tha affects of the prassuro losses in tha inlat 
duct and combustion oh amber, tha variation in tha physical 
properties of the gas as It passas through the cycle, and the 
change in «ass flow by tha addition of fuel are Included, Tha 
principal performance charts she* the effects of the primary 
variables and correction charts provide the effects of the 
secondary variables# 

Some of the performance and operational characteristic* 
he turbojet engine are illustrated by a discussion of 
<«1 typical cases. It is shown for example that although 
* per unit mass rate of air flow increases with increased 
tor discharge temperature, for minimum specific fuel 
♦lion, an optimum combustor outlet temperature exists 
V«ome cases may be less than the limiting temperature 
n strength-temperature characteristic* of present 
\ *Th* influence of the characteristic* of a jlven 
^and turbine on the performance of a turbojet engine 
these given components is diaousaed for the oases 
» with a centrifugal compressor and for an engine with 
t compressor. 


\ IBTR0UU0TIG8 

A >u;smio studies hsvs been mads of turbojet 
* u* ti one or charts for obtai n in g the engine 

'scented end in which performance trends are 
•ee 1, £, 3, and 4)« A study of design end 
relating to turbojet engines is given In 
purpose of the present paper to 
a factor indicative of the engine 
n term# ef the important design and 


/ 

V 

/ 


'/ 



operating parameters* By this means tha angina perforvmnco 
for a given sat of par aw* tare can ba quickly evaluated and an 
inflight la provided into tha decree of change of performance 
passible through change In the design pararoetere. 


principal performance ohart eontaina only tha important 
parameters* the affect of miner peremeters cro Introduced 
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tkroujti a correction factor glean In a supplementary chart* 
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In order to show aeon of tha more important oharacteris- 
tics of tha turbojet angina several illustrative caaaa are 
discussed* Tha off acta of oaopressor preaeuro ratio and 
cornua tor outlet tamper a tura on tha thruat and specific fuel 
consumption are illustrated aa wall aa tha daoraaaa in 
compressor efficiency with lxtereaelng pressure ratio* _ 
performance characteristics of typical ooaponent* of tha 
turoc Jot angina# that ie, a turbine* a centrifugal compressor, 
and an axial flow compressor are glean. Tha influence of tha 
ehnrsotcriatioa of these components on tha perform onoa of the 
turbojet angina constructed therefrom la Illustrated for an 
engine containing a centrifugal compressor* and for an 
containing an axial flow oostpree&or. 
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A diagram of tha Jet-propulsion davlea under dleousslca 
la shown In figure 1* Air is inducted Into tha intake of tha 
angina and delivered to tha oompreeeor inlet* fart of tha 
dynamic pressure of tha free air stream ia eenverted into atatio 
pressure at the compressor Inlet by the diffusing action of 
tha inlet duct* Tha air ia further oo^preseed in passing 
through tha compressor and la delivered to tha ooabuatixn 
chamber where fuel ia In Jested and burned. The products of 
oombu 0 ti.cn than peas through tha turbine no sties and buckets 
where an appreciable drop in pres aura occurs and finally are 
discharged resrwardly through the discharge nasal* to provide 
thrust* 


Tha variables affecting tha performance are divided into 
ft primary group and a seooudary group* The variables of tha 

S iaery g roup are shown on tha priaaipal charts for determining 
s porfovnance of the Jet-propulsion unit* The variables of 
the secondary group are shown on so auxiliary ©hart for deter* 
mining a factor e usually close to unity, which also appears 
as a variable on tha priaaipal performance charts* 
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**>• primary group of variables includes* 

(a) Oo up rm or efficiency ru 

00 Compressor total-pressure ratio j^p. ;J‘ • $ 

(0) Burner efficiency t)_ 

(<&) Ratio of coiabue t ion— chamber outlet tot&l taupar&turl 
to free atmospheric temperature T 

(•) Turbine efficiency 

(f) Airplane velocity V Q 

(1) Atmospheric temperature T. 

o 

(h) ^ieofasrge-noatle velocity coefficient C_ # efcich 

•.nMlMdos loaaea in the tall pipe following the turbine 

the second group includes: 

(a) Drop in total preeeure across the inlet ducting caused 

by friction end turbulence Ap^ 

(b) Drop in total pressure across the combustion nh satis 

oeueed by both the aeehanioal obstruction of the 
burners and the Bwesentua inereaec of the gases durian 
combust ion A P(g^j 

(o) Effect of the difference between the physical proper* 
Uea of hot exhaust gaaee during the expansion 
processes and oold air (The effect of c;.,jig« in 
epeelflc heat of the gas during the other proeeesee 
la included, in the principal charts#) 


A shert la given fro* vfaleh a factor € can be obtained 

covreepcndlng to the vcIum of the eocondary group of variabl as* 
This factor £ appears in the parameters on the principal 
performance charts* 


elgnifioenoe of the symbols appearing la the charts 
sad in the subsequent discussion ere as follows t 

A ratio of compressor pressure ratio p £ /p 1 to 

reference pressure rati© 1 

An effective exhaust nozzle area, sq. ft. 


a, b , o 


B 

C v 

F 

t 

h 

4 

*» 

K ' 
Pp 

Pi 


p 2 

>4 


A P* 

4p (c~i) 


‘‘s* 

r 
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factor* that measure effects produced by secondary 

variable* 

ratio of tip speed of compressor to blade speed 

(pitch lino) of turbine 

velocity coefficient of discharge aoasla 
net thrust, (lb) 
fuel-air ratio 

lover heating value of fuel, (BVu/lb) 

cusehaaieal equivalent of heat# 772 (ft-ib/lftu) 

ratio of the oonpraasor power per unit naes rata 
of air flew to the square of the compressor 
tip spcod, 

nags rate of air flow, (slug/aeo) 

atmospheric free-air static pressure, (lb /eq ft 
V absolute) 

total pres cure at compressor inlet, (lb/eq ft 
Absolute) 

total pressure at compressor outlet, (lb/aq ft 
absolute) 

total pressure at turblna inlet, (lb/eq ft absolute) 

drop in total praseura across Inlet duet, (lb/aq ft) 

over-all dre in total pressure across combustion 
ohsmbe.* due to neohanlosl obstruction of the burners 
end soros nt vsr inerease of gases during combustion, 
(lb/sq ft) 

atatie pressure at turbine outlet 
oosqpreesor-ahaft horsepower Input 

Ap (2-4)/**8 

atiaoepnerle temperature, (°R) 
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‘1 

*8 

*4 
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cotsprazoor-inlet total tartparatura, (°R) 

* 

nyiili)! cutlet total I wpirature, (°I) 
oostbua tl < rvchajabor outlet total tewparatur©, (°B) 
airplane mImU/i (ft/oec) 

t or saa velocity at turbino discharge. 


Jat velocity, (rt/aao) 

increase in Jot velocity due to arroot or turbine* 
loaa reheat, (ft/aae) 

thaorotical turbine noaala Jot voloolty ©orratponding 
to ideal expansion or gas frou turbine inlot total 
proa aura anc tenparsturo to t urbina outlot atatio 
pressure, (ft/aae) 

turblne^blad© apaad measured at turblno pi tab lino, : 

ooapraaaor tip apaad, (rt/aao) 

weigh t flow of fool, (lb/hr) 

ratio of ran teaporatura riaa to free-air ataoapharlo 
tanperatwe, V 0 «/8 J o^ T 0 

vatic of oobvroaaor potror par unit uses rata of air 
riow to oathalpy or air at tanporature T , 

880 VJ o p . K T 0 

ratio oT apaeiflo beats oT air 

correction factor that account* for over-all ©r facta 
produced by aaoondary variable 

compressor efficiency, i,e. ideal work in 

oonpraaaiAf air adiabatic ally Cram compressor 
ialat total tasparatura and prascur© to eoapraaaor 
outlet total praaaur# divided by the compressor 
abaft power 





turbine effloienoy, l,e, turbine shaft paver divided 


by the ideal paver of the gas jet expending 
adlabatieally from turbine inlet total pressure 
and tenpo. a ture to the turbine outlet static 
pressure less the kinetic power corresponding to 
the average axial valooit y of the gas at the 


turbine efficiency, l,e* turbine shaft power divided 
by the ideal power of the gas jet expanding 
adlabatleally frost turbine inlet total pressure 
end temperature to turbine outlet statlo pressure. 


(8116 lbs/sq ft), i.e. 6 a = jyfiUd, 6* = Pi/2Ud* 


ratio of twperatnre to standard tea level temperature 
(516*8), i.e, 0 o = To/516, © x = T^/dlO, etc. 


The equations from which the chart* are prepared ere 
listed in appendix A and are derived in reference 6, 




turbine exit. 




ratio of pressure to standard sea level pressure 


ate* 





device, whan the off# 


&XSC9S3XC5 OF CHARTS 

is, - The net thrust of the jet«propulslcn 
vet of the fuel weight is neglected, is 


given by the equation 


(la) 


t = * (Vj - V 0 ) 
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lhen the effect of fuel weight is inoluded, the thrust le 
given by 

P <T i * V * f 11 v j U*> 

T .e net thruet horsepower thp is given by 

thp . V Vo/860 (8) 

the compressor-shaft horsepower per slug per second of 
sir Is expressed es 

•V* . * V *0 Z/M0 

m 8678 Z (Tg/SlOJ <?> 

the oociprooflor-lnlet tots! temperature is obta’ned from 


V*o 


( 4 ) 


the ruel consumption per unit bass rate of sir flow is 
given in toms of the fuel-sir ratio by the following relation 


V* 


( 5 ) 


bf weens of equations (1) to (6) end the turves of figures 
2 to 7 the performance of the turbojet engine end some ss se- 
quent It its of Interest sen bs readily determined, Th« 
ere given in e for* which shows the sffeete of the 
variables end enables either very aoeurate oompute- 
tions or rapid but less too urate computations to bs mads. 

Curves for obtaining the flight Utah number, the values 
of T, and the cenprstaor-i nist total pressure for veriota 
values of the factor V e /5Io/T c ere shown in figure 8* 

eompr es s or-lnle t total temperature is obtained from the value ef 
Y end equation (4). 


quantity tuZ ie plotted against 
ure ratio and Y in figure 5, The oa 
the turbine H 
of Z, The 



• power) is computed fro® equation u 

• effect of the variation in the spec 
ession is nsglected in this plot, the 

turcs up to 5S0° 8. 


total- 

tifio heat of 


lh» veins or plotted against the foot©** 


r *0 *»% * 


*0 (*"hr 8 


la also slvtta in figure S* The actual 


compressor pressure rati© Pg/Pj^ divided by the quantity 
(pfi/p^rel* daflaea the value of the rac tor A uaad in figure 


4(a). The f voter £ account# for the effect# ef pre##ure 
loses# in the inlet duet to the system, pressure drop in the 
combustion chamber, and the deviation from the value of the 
specific heat of air at 51»° R of the speeifie heats of the 

f aaes during the expansion through the turbine and the aossle, 
n a veil designed aye tern the value of £ ia close to or 
slightly greater than unity. 


Prom the left-hand set of ourves of figure 4(a), the 


Jet**velooity fas tor V 



ean be determined aa a 




function of € 2l and the pa ym a s ter A or l/k for sero 

"e 

flight speed, (flhon A is lsss than unity, the value of l/k 
is used in reading values from fig# 4(a)#) The Jot-velocity 
factor ean be obtained for airplane velocities other then sero 
by moving horlaon tally across the graph to the desired velocity 
curve on the right-hand sat of ourves and then reading the value 
on the lover abscissa. The thrust can then be computed from the 
value of V. and equation (la). As previously mentioned, the 
value of A * is found by dividing the compressor pressure ratio 
Pg/Pi by the value of (Pf/P^^f obtained from figure 3 


corresponding to the values of the p arrester# T * 0 , 6, t 4 , 

T 0 , and Y be In- investigated. 


It is noted in figure 4(a) that for given values of 

*1%* *4* *©» ^ € remains constant aa Po/p-. or A 

varies, then the variation of Jet velocity vita pressure retie 

oeeurs along the eons tret line. in this ease, tj 

has a maximum value when A la eaual to unity, wbloh oeeurs 
at a pressure ratio equal to (p^/p^V f # Actually, however, 

for a given unit as pg/^ varies, the value of € ©hangs# 

% 

slightly end hence e ehsn ss, with the result that 
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V j has a naxiamt value for a value of Pg/p^ somewhat. greater 

than (Pa/Pi^nf I* should also be noted that (Pe/Pi^f 

la shangsd by the change In € and thla no* value must be used 
In computing the now value of A when Pg/j>i i* varied. In 

any event, the value of V, corresponding to A * 1 Is s close 

approximation to the jet veloolty for maximum thrust per unit 
mass rate of air flow M for a given set of values of T 4 , 

T , and component efficiencies, Similarly for a case in which 
varies with Pg/Pj consideration of figures 3 anc 4(a) show 
that the maximum value of Vj occurs at a value of A somewhat 
different from unity. 

As an example of the use of figures 2, 3, and 4(a) for a 
rapid approximate computation of the thrust, per unit mass rats 


of air flow, F/M, consider the following eaeei 

Discharge nasals velocity coefficient, C v 0,90 

Compressor efficiency, p 0 

Turbine efficiency, 0,90 

Turbine inlet temperature, T 4 °H 9000 

Atmospheric temperature, T c °H .'o; 

Airplane velocity, V Qf ft/eec 733 

Compressor pressure ratio, p^/p^ 4 

Assume f » 1, then from tne above quantities 

▼o V8lV/r 0 , ft/sec 747 

Y (from figure •) w.o89 

Vt e * 4 /*© 3.00 

Vt € T 4/ T 0 (1>T,a £ - 58 

(P 2 /P 1 ) r#f (from figure 3) fc.£5 

lA 1.31 

V lY“T H mT^ (from figure 4(e)), ft/sec 2000 

"* C v " o ' / 

Yj, ft/sss 2020 
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F/fc (equation 1(a)), lb/(*lug/**e) 1287 


Tba losses In kin* tic energy in the turbine passages 
appear aa heat energy in the gaa leaving the turbine, Thl 
energy will be teraed - turbln*-loaa reheat. - If there la fur- 


This 

la Cm 

ther expanel an of the gaa in passing through the Jet noaale 
(eauaed by a reduction in etatlo preaeure in passing from the 
turbine exit to the Jet-nesxlt exit), a eonveraion ef part of 
the turbine-loae reheat to kinetic energy occur* in the Jet. 
If, however, the velocity at the turbine exit la eubetantlally 
equal to the final Jet velocity, no 
no kinetic energy la reoovered 


the turblne-loaa 
to thla 


reheat. The curve* of figure 4(e) 

The ratio of the increaee in Jet velocity' to the final Jot vel- 


ocity AVjAj obtained when the velocity at the tirbine'die^ 
oharge Vg la leaa than the final Jet velocity le ahown in 
figure 4(b). 

Figure 4(b) show a that AVjAj* 0 when C^VgAj -1 

a, 11 VAlu# * ® f turbine efficiency. It la als^ioted that 
av jAj approach* a 0 aa turbine efficiency approaches 1 f«r 

all valuea of C^VgAj beoauao the turblne-loa* reheat approach** 
0 with lncreaac in turbine efficiency. 

It le evident fron figure 4(b) that, for a given turbine 
efficiency, the eaaller the ratio of C^VgAj. the greater ia 
th* recovery of turbine-loaa reheat. Deereaee in turbine- 
diacharg* velocity Vg 1* obtained by Increaee in annular area 

swept by the turbine bucket*. Buoket strata la one of tho 
principal imitation* on bucket height and thus on bucket- 
annulus area. 

The compressor-outlet total temperature T« plotted 
agfla't the faetor T 0 (1 ♦ Y ♦ 2) la shown in # figure 5. 

lnolud#> variation in the tpeelflo heat of the 
air during compression and was computed using reference 7. 


'“‘".ft , 

temperature m thT*^ # 

' < p I i 

8 based on the latest avail- 


acainat T. - T« (the riee 

combustion chamber) for various values of 
were oonatruoted ualt*; refer 
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able Information on spool flc hosts of sir sad exhauet-gaa 
mixtures sad aro for s futl having s looor hosting value of 
1B ( 900 btu por poundknd s hydrogen-carbon rstlo of 0.185. 

For fuols having other values of h, the value of f glvon 
In flguro 6 is oorrootod accurately by Multiplying It by tbs 
factor 18,900/h. The offset of the hydrogen-carbon ratio of 
the fuel on f is generally snail and for a range of hydrogen- 
carbon ratios froa 0.16 to 0.21 the error due to tho deviation 
from tho value of 0. 185 is lest than one-half of 1 percent. 

The fuel consumption per unit mess rate of air flow is obtained 
from tho value of f and equation (5). 

Tho value of € , which takes oars of the offoot of tho 
secondary group of variables, is obtained from flguro 7. Tho 
quantity £ le glvon by the relation 6«l-a-b + e, 
whore a, b, and o aro glvon In flguro 7. Tho effect of the 
drop In total preasuro acrooe tho inlet duet Ap d is eh own 
in figure 7(a). Tho offset of the over-all drop in total 
pressure across the combustion chamber is introduced 

in figure 7(b). Ref or onto 9, which dloeuosoo combustion in s 
chamber of constant flow area. Is usoful in evslustlng tho 
monontum-pr* sours drop in tho combustion chamber. A correc- 
tion for the difference between the physieal properties of tho 
hot gases and tho cold air, involved In tho computation of tho 
expansion processes through the turbine and the Jet noetic is 
given in figure 7(e). Although € does not differ appreolably 
from unity, s change in £ of 1 percent in some caaea may 
Introduce a change of several percent in the thrust. 

In the dieeussion of the charts, the offset of the weight 
of injected fuel «ae not mentioned. It le shown in appendix C 
of reference d that the effect of the eeight of fuel on the jet 
velocity can be taken into account by ueing for the value of 
**t in the charts the product of the turbine efficiency and 

(1 ♦ f). This term eppearsln the factor 2 

in figure 3 used i n finding ^V^rsf ln the factors 

and V./r^/c/ZsisAo of «<•>. The value 

*0 w 

Tj determined is then used ln equation (lb) whloh takes 
into secount the addltl mol eei ^it of fuel introduced. 

an sxample of the use of these figures, consider s 
system havlm* the following performance and operating para- 
meters: 


n 


l« Cci&prassor affioi ©noy r i 0 o.eo 

S. Turbin# trfiol«B«j ^ ..•••••••••••• 0.90 

S* Coabuation off latency rw» • ••••••• .** t ,4, 0*97 

4* Dlscharga-nasale velocity eotffieirat C v . . . . . o.96 
&• Airplane velocity V c , (ft/eeo) .......... 745 

4* Caapr«i«or total-pmiurt ratio Pt/pi si 

7* Ataosphsrlc fre«-air static pressure p 0 , (in, . gp.g 

6* At«i|h»rlo I— paraturs T 0# (°R) , ^10 

9* Cc*bufltion-ahe»ber outlet total temperature ,(°H) i860 
10* Drop in total pressure across inlet duet Ad., 

(in. Hg) d . . . . 0.5 

11. Drop in total pros aura aaroaa coabuation ohmaber 

A J>U-4)# (in. fig} 5 

IS. h. (etu/lt>) 13*400 

JUi ^torninatlgQ^oX X and tUatit r .aeh number 

Proa items 5 and 8 

15* v 0 i (ft/see) 754 

From itaa 14 and figure 8 

Id* T 0.0661 

10. Plight Vaoh nwa5ar ........ 0,066 

Xki J^tsmlimUon df 2 and ooajroa eor power 

Using item* C and 14. read on figure 5 

• V* * 0.786 

Fro* ite*s 16 and 1 

17. 7. 0.906 

Using itasaa 17 and 6 in equation (4) the compressor povor par 
unit aaaa rate of air flow la 

16* PgA* (hp)/(alu^s#o) 4156 

(aL_ Df vlQh s£ fu*lr4ljc .ratl.o ana fuel oonsuaptlon 
From lteaa 6. 14* and 17 

19* T 0 (1 + T + 2)* (®R) 1066 
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) 


Using itua 19 anu figure 5 V r .:r ;v. -b ■ . ■ y'*+- 

M* T 2# (°R) . . . . . . 1086 

Proaa ltana 90 aati 6 ;»• ‘ $'4 

21. T 4 • 7 f . (°P) '#•* 

From ltaas 21 and 9 and flgurs 6 i, .f 1 fi 

as.^ff 

Ualng liana 22 and 3 ,V: 

23. f 


fiinoa tha lover Mating valua of tha fual la agual to 10,500 
Btu par pound (ltaa lsT. ita& 23 has to ba nultipllsd by tha 

f “ tOT Mr and tha adjuatsd valua la 


Proa ltan 84 ana equation (3) 

8b. * f A. (ltAr)/(alug/aaa) . • . • . 

ta) - 1 * t erg'.ait lea «f th. factor ' 
Proca lta.ua 7. 10. and 11 
20 . 

87# Ap (2-4)/Po • 

vhilo frosa itaua 14 and 16 •. ? 

88 . I ♦ V • 


* "'S; 1675 










... 



Using ltaas 23. 88. and f ijura 7(a) 

29. a • ••.*••••••.. . • ........ 0.006 

Using ltaas 87, 88, and flgurs 7(b) 

30. b 0.004 

*' f* .T ; , - V T •> 


1.999 


Fra» figure 8 and ltam 19 

n. p i * Ap o 


p ® 

Tron ite:a& 31, 85, and 6 


which whan uaad with it am 9 in figure 7(a) givoA 


33. O u» v 55 

Frare ltana 29, 3w, and 33 

34. t « 1 - .CX/8 - .C04 ♦ *w35 1.088 

(q) Datarminatlon of (Pa^l^ra £ * nd * 
fling itw* 1, 2, 34, 9, 8, and 14 

36. V>t f (r^r)* *•*«* 

Fr on item 36 and figure 3 

4.50 

Tran ltana 6 and 38 

97. t 1.339 


(f) ^termination of Jot weloclty, nat thruat r»ar unit 
HiMa. and oihor porjforwtr-. nee ^ua» title* 

Vmlnc ltana 1, 2, 94, 9, and 8 


98. { 


2.787 


From ltana 38 , 37, 13, and f Igura 4(a) the Jet-vela, lty i'aotor 


39. V 



, (ft/aao) 


1808 


15 


tad from items 89| 1, B| 4, and 8 

40, Yj, (ft/oeo) 2044 

The net thrust per unit nets rate of tlr flow It obtained tvoa 
Items 40, % and equation 


41* f/U, (lb }/( olutf/eoo ) 1SU 

The thrutt horsopo *er per unit eats rate of air floe it cal- 
culated fror. itesit 41, 6, and equation (2) 

42. Itap^iy (thp)/(slug/aeo) ....... 1747 


Prom item* 25 and 41 

45. «f/P# ( lb/hr )/(lb thrutt) • . . . . , 1.278 

and fror 1 tent 20 and 42 . { 

44. Vf/thp, (lb )/{thp-hr } • .358 

(k) affect of the aeight of Injected fuel and turbine-loss 


:wD*z&Tamm&: 


Where wore accurate remit t are desired, the calculations 
trt made taking into account the effect of the weight of fuel 
introduced and the effect of tur ine-lote re la at. The effect 
of the fuel on jet velocity it handled by using for the value 
of t the product of the turbine efficiency and (l + f )• 

This will now be done for the cate juet considered. 

Prom items 24 and 35 


^ fr (rtf) * • ♦ i 

Proa figure 3 the corresponding 


2.356 


«8. <Vh,W 4.61 

Proa items 5 and 48 


47. A 


{similarly accounting for fuel floe, item 36 becomes 
55 . E 


2.827 


•o that f roa ltana, 47, 48, and 13, and figure 4(a) 


-V •' 

.-'•W#.-'; "l 




w 


i ( ~^/ wc) * • » . . ...... 1330 






• • 


a* fact 






M|B|M v „IP| 

Again taking into 
*k r,t«r« ‘Tr ' 

v t v:'.;, 

50. V., (ft/aec) . * « 

W*\ 

; which differs from item 40 by 1 percent 

• . .*? V 4 •:'?.• * ! -l£ '&£$&?■• *£aSt«l&dai i 

The effect of reheat nay be important whan ia 

considerably laaa than unit; and tha velocity at turbine die- 
•barge la appreciably leas than tha final jot velocity* Let 


« * ♦ • 


• i a • a 


tT- 

BOSS 




it be cammed in the example belnp dlaouaaad that tha turbine 






la designed to have a discharge velocity of 






- - - 

51a Vjf ( ft/ 100 ) eeeeaeeeacaaeaaeaa TOO 


Than from item* 4, 80, and 81 

Wa Vg/Vj aaaaaaaaaaaaaaaeaaaa -#33 
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Vton figure 4(b) corresponding to ltana 2, 92, -nd 59 

54. AV j// i 0*012 
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and from ltana 60 and 94 a 

55. AV . , ( ft/ aac )».....«.••••»•»••*. 25 
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Using liana 55 and 60 


•6* Corrected V,, (ft/aac) • 
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Thus in thla caea, rahaat provide a an additional 1 percent 






lucre a ee In the value of V 4 . 

J 

Tha thru at par unit naaa rate of air flea ia obtained fr oat 
ltana 56, 5, and aquation (lb) 

bbbbbbibmbbbbmbibbbimh 
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57* ?A» (lb/(alttg/aaa) ....... 
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compared with 1911 wfcero the affects of fuel and reheat aero 
neglected* 

Prom aquation (8) and liana "7 and S 


HU thp/fc, (tfap)/{olug/aao) 10^3 

and using itoma 38 and 57 

S3. (lb/hr )/{lb) • • • • • * . • • • 1*894 

and Itaaa 28 and 66 give 

60* W f /thp, (lb/tbp-h r) 0*®«i 


JUT— PHOPULSI )K— Ur.' IT PSRFOHXAHCK 

por tha Illustration of the performance and eone of tbs 
oharaotsrlatloa of tha subject Jet -propulsion system, savoral 
cuss a of Interest will ba dlaauaaad* 

The following pa rasa tar a ara aasumedt 


Cooproasor efficiency tj •••••• • >. • * . * . 0*88 

Turbina efficiency r,^ •••••••••.*••• 0*90 

Discharge -no sale velocity coefficient C y « • • • • 0*97 

Combustion efficiency ^ .*.*,,,*,*#.. C«98 

Iteatln-T value of fuel h, (ntu/lb) ••••••••* 16,900 

e 1.00 


These compressor and turbira efficiencies ara not unreason- 
ably high whan it is coneidcred that in tha definition of 
efficiency in this report tha co*r.preeaor and tha turbine ara 
credited with the klnetie energy of tha gaaoc at tha compressor 
and turbine exits, raapaotlvaly* 

The computed turbojet performance In this illustrative eaaa 
includes tha contribution of tha fual weight* 

Tha values of component af lolancles and { for any given 
turbojat angina vary with altitude and flight speed* In tha 
present ootopu tat ions , tha component afflaianolaa and f wars 
aasuaad constant st tha values listed) hence, tha lllustrativt 


curves represent the performance of a series of turbojet anginas 
having the listed characteristics. One curva la also gli«n f« 
a oaaa in which tho variation of € with compressor pro a aura 
ratl^> la considered. 

Whan f 0 m o # T 0 ■ 819° R # figure 8 ehova tha rata of 

fual consumption par unit thru at and the atatlc thru at per 
tnlt mass rata of air flow plotted again at tha compressor 
pressure ratio for various voluaa of tho gas total teapot at ora 
at tha oombustion-chsribor exit. It la noted that minimum 
•pwoiflo fual consumption occurs at a higher compressor n 

praaaura rails than maximum thrust par unit mass rata of air/flow. 

A ourva for ? 4 « 1®«0°R where tha variation in e with L 

2^ ’l Oonii t,r *^ i* *lM > shown in figure C. For this ourve# 
vuluaa of APd/Po ** » u*10 were oho son and 

assumed to remain constant* ( l or u given unit# however, 

AP( 2 „ 4 ) will also vary with Pg/pi so that the <5a termination of 

tha actual variation in € with compressor praaaura ratio becomes 
({Ulta complex. ) It la town from figure 6 that the value of 
compressor praaaura ratio for a maximum value of ?/v la greater 
for the oaaa where € varies with praaaura ratio than for the 
ease where 6 la assumed constant y and that the peak v&l^e 

of F/M for the first ease la slightly higher than that for tha 
second oaaa* 

Figure 9(a) la a raplot of figure 8 and shows compreaoor 
pro satire ratio and fual consumption par unit thrust plotted 
against thrust par unit mate rate of air flow. Similar curvet 
are presented in figures 9(b) and 9(c) for other combinations of 
atmospheric temperature and airplane velocity, k seals of 
•pweiflc fuel consumption In pounds par thrust horse powe r—hour 
la added on ftrorea 9(b) and 9(c)* 

Tha amount of air handled by a unit la limited by tho 
dlaaete tha unit. Whan high thrust par unit *a»s r*ta 
of air flow rather than low specific fual consumption is tha 
primary consideration. It la epparont from figure 9 that high 
oomi ustl jn~eh*ober discharge temperatures should be used. 

High thrust is tha more Important consideration In taka— off. 
cILab, and wnalmu m spaed operation. 

The curves of figure 9 show that# with no limitation on 


compressor pressure ratio, higher thrust per unit mass rats of 
air flow and lower specific fuel consumption can be obtained 
by increasing the combust lgn-chambe*r outlet temperature until 
the value giving minimum specific fuel consumption is reached. 
For figures 9(a), S(b), and 9(o). this temperature is less than 
1460° R, about 2210* R, and 1710* R, respectively. Further 
increase in temperature permits an Increase in thrust at the 
coet of increase in specific fuel consumption. As the gas temp- 
erature at the combustion-chamber outlet is increased, s large 
increase in compressor pressure rati> la required to maintain 
nearly minimum specific fuel consumption. 

If the available compressor pressure ratio is limited, 
the combustion-chamber outlet temperature for minimum specific 
fuel consumption is very sensitive to the other operating 
con ditions. For example, at a limiting compressor pressure 
ratio of 4, minimum specific fuel consumption occurs at a 
temperature below the lowest values shown in figure 9. If 
the limiting compressor pressure ratio la 6, the oorabuetlon- 
chamber discharge temperature for minimum specific fuel con- 
sumption is still less than the lowest temperature shorn in 
figure 9(o ). for an atmospheric temperature of 412° R but 
approaches an intermediate value of approximately 1710° R for 
an atmospheric temperature of 519° H (fig. 8(b)). The optimism 
oombu at ion-gas temperature is also very sensitive to the 
effielenciee of the components of the Jet-propulsion units. 

figure 10(a) the specific fuel consumption and the 
thrust per unit mass rats of air flow are plotted against 
airplane velocity for the conditions listed in the figure 
for the following cesses 






(a) Compressor pressure ratio ehoasn to give values of 




(b) Compressor pressure ratio chosen to give ■<"<— 
speelflo fuel consumption 

It is noted that the specific fuel consumption r©r ease (a) 
is between lv and 23 perosnt higher than for case (b) for 

**> 800 feet per second, the 

percentage difference in specific fuel consumption is greeter 

“ d «* W» lo«r .t»3.ph#ric 

The thrust per unit mass rats of sir flow is between 21 
foi 31 percent higher for oase (a) than for case (b) for air- 


plan* velocities batman 500 and 800 feet par second) the 
-Teeter percentage difference la throe t par unit nuw rate of 
air floe oeeure at the lover airplane velocities and the lover 
atmospheric temperature* 

figure 10(b) above the compressor preaaure ratloa and the 
value a of 4 that are aaaoelatad with the performance values 
given in figure 10(a)* The large inarcaee in required preaaure 
ratio from the condition of Axl to the condition of minimum 
apeolflo fuel consumption la noted* 

In figures S, 9 end 10 it vaa aeaumed that the oomprcaaor 
efficiency remains constant at 86 percent regardless of pres- 
aure ratio* 4 a the desired pressure ratio ia increased, how- 
ever, it becomes increasingly di flcult to design the eompreaaor 
to maintain a high efficiency and a reduction in oomprcaaor 
efficiency may be expected# The reduction in the obtainable 
compressor efficiency with increase in pressure ratio will 
reduce the gains derived from increase in preaaure ratio and 
hence will reduce the value of the optimum preaaure ratio* 

Shis condition will be illustrated by consideration of 
a turbojet engine equipped with a multistage axial flow oca- 
pressor each stage of whioh provides a pressure ratio of 1*86 
at an efflelancy n c of 86 percent* The other parameters of the 
turbojet engine ere the same ae for figure 9(b)* figure 11 
shove the over-all efflelancy of the compressor, the thrust per 
unit mas* rate of air flov* and specific fuel consumption of the 
engine plotted against preaaure ratio* The pressure ratio is 
increased by adding stages to the eompreeeor* It ia noted 
that although the efficiency par stage vaa held constant the 
ever ell compressor efficiency decreases with increase in 
pressure ratio* At a pressure ratio of & the oosiprcaeor 
efficiency la 68 percent, the value used in the computation for 
figure 9* Dotted on figure 11 ere curves taken from figure 
9(b)* For the range of oombua tor outlet temperatures T. shown, 
the values of compressor pressure ratios for maximum P/S and 
minimum *y/F arc lover for the case when the reduction in 
compressor efficiency with increased pressure ratio la considered 
than those for the case of o cost ant compressor efficiency of 
86 percent* This change in pressure ratios la more pronounoed 
at the higher values or Tg* 

Figure 11 pertains to the increase in pressure ratio by an 
increase in the numb or of stages* In a turbojet engine with 
a given compressor an increase in pressure retie ie obtained 
by an increase in rotational speed which* at high rotational 
speeds* la usually accompanied by a reduction in ao~*prceaor 
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efficiency. This ohm will be dlscusssd in greater detail 
la tar . 

The ef , act of tha inoreasa in prasauro ratio on turbine 
efficiency Is a more complex matter and will not be considered 
In detail here. An increase in tha number of turblna stages with 
a constant prasauro ratio and efficiency par at a;-® will result 
in an lneraaaa in over all turbine efficiency, Thera will ba 
s tendency, however, to design /or increased pressure ratio 
par stage In addition to increasing the number of stages whan 
Increised over sll pressure ratios are declred, in order to 
economise on the sise end weight of the turbine. Operation 
at inc reused pressure ratio per stage may result in soma 
redaction In turbine effielenej per stage whist cay offset 
gains obtained frorc the Increased number of stage*), Tha not 
effect an the overfall turbine efficiency will depend on the 
compromise between pressure ratio per stage and number of stages 
decl dad upon* 

The points on the ourvos of figures 9 to 11 relate to a 
series of turbojet engines In which the components art changed 
to provide tbs desired characteristics at saoh ont. It is 
of tomo Interest to examine over a variety of operating con- 
ditions the character* is tics of a turbojet engine having a given 
turbine and oppressor* 

The performance characteristics of the engine will depend 
on the per fora^nca characteristics of the particular compressor, 
combustion chamber, and t rbine chosen, hoeevor, the aeeontial 
trends may be brought out by a consideration of several 
Illustrative oases. The characteristics of a typical turbine, 
centrifugal compressor, and axial flow compressor will be shown 
followed by plots of the performance character la tics of two 
turbojet engines interpreting those component!, the first engine 
utilising the oentrifugal compressor and the second utilising 
the axial flow c npressor. The charaoterlsties of the components 
to bs discussed are purely Illustrative and are not to be 
interpreted as indicative of the best performance Obtainable, 

The dlacu salon will be simplified by negleotln^ the weight of 
fuel In considering the turbine output and by assuming that the 
pressure drop through the coatoustor is proportional to the 
eombuator Inlet pressure. The errors introduced by these 
simplifications are sufficiently small to as not to influence 
the basic trends to be illustrated. In the computation of the 
performance of the illustrative turbojet engines the foil wring 
parameters are assumed: 


Discharge velocity eoefflelent 
Combustion efficiency rjf • . . , 
lasting value of fuel h, fitu/lb 


0.97 
• 96 
18000 


•••see 


••••me 


o e 


1.00 


Figure 12 show a the performance characteristics of a 
typical single stage turbine of low reaction. The tuts a flow 
of gae thr ugh the turbine la presented^ in figure 12(a) by a 


plot of against P4/P5,. The values of the upper 
abaci a aa vi/y®4# corresponding to tha values of P4/P54 ere 
obtained from the velocity equation 

x=i 


•> ’4 1 -®t Y 


The values of the ordinate w t v t /6 4 are obtained by taking the 
product of I- ^^4/ 5 4 end V^/yS^. Above a preaeure ratio of 2.2 
serose the turbine the value of 14-^54/64 le constant (l.e. 
choking occurs at the turbine nosale}. 

The turbine efficiency 14 as shown in figure 12 (b) Is 

principally a rune ti on of the turbine blade to theoretical turbine 
Jet velocity u/Ve and to e much leaser extent e function of 
the pressure ratio and flow Reynolds number* The blade speed 
u is measured along the blade pitch circumference. The turbine 
Jet velocity V t le defined as the theoretical Jet velocity 

developed by e gas expanding Ideally through the turbine nossle 
from turbine Inlet total temperature and preaeure to turbine 
discharge static pressure. Curves for are also shown In 

figure 12 (b). The turbine efficiency le defined aa 

/ Turbine shaft power 

g — Tv»! 

where is the mess flow of gas through the turbine and 

iMmc# ^ *t V t th# theoretical kinetic energy available 
for work. 


In thia definition the turbine la not credited with the 
kinetic energy corresponding to the average axial velocity of 
the gee at the turbine exit. 

In compressor praotlce It Is convenient to deflnd e 
quantity K c (celled the slip factor) as follows) 


c"rf'r£Swsis 

than unity and dooa not vary 
operating condition®. 


1® 



» 1® tiM 

■* The quantity 

*on®»nat 1#«® 

with chans® in 




In • turbo Jet engine the 
tho turbine 



r r| 

(Th® difference b®t«een M and « t ha® bean neglected). 

? *! £ ssss $uir.2S* : f & ksts* “gas* 

for an, glv.a turbojot online, option ( 6 ) becomi."* 
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( 9 ) 




T, t t« a function prtnu-tly of uA t . 
and hone, r* and r, t ere d.t .Twined by the welw of 

)ten It, la known the Tslno of Jr4/(uA t > ie evaluated 

"£* equation (9), then uoi„ a flgir. lS<b) the value, of 
Wt# r ;t» • n,s ’H *" found* for e c wepros.or rep whloh K, 

•he™ ‘xh'Ino°Sm n U^.*^ 1 * J 1- * c 9 n J rJ f»Sal c.n;r«eeor) 
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Plguro is show® the 
curea® for a typical can 


cowpre®«or. The cotpratsor 

■PVBmiV po/T>-i a aaia*jjttic 

factor Xg, are 

3. f0r wl "“ «!“•• «>• *iP *P*«d f»Ot«r 6//JJ. 

** • Siren tip epee* a rwduotlon In Mi flow hy 



sastt-a srsasis* wasraas s «. 
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f . of tho eonproooap th« value of 

th, .lip factor K„ vortee b.t.v.n .Sind 1.0fctl£ £r*;.- 

ponding tu^btni #rflcl#AClti ob In# d f r ^ •*>/< 

ejuaMno <>) are tt* plotted ta rtj£ U JS*VrtiSi Sjue. 
S**V t 1U0 ® f *Hf lB •ubotantielly constant >ver ths 

entire p*rx • Oa operation as shown In t i urs 13. 

to *»»*«** r«tl> or turbine Inlet 

** c *spresfor lam tenperaturc ere Also shown in 

dif^roncl *?* J obtBlnad *® foUesrsi When the 

aiXaerence between K end le neglected, 

_ Fa /S' ¥ tv Ti 

*s*v* »*•*■“•• *«* 


or 


Hence 


**-*4 • r ”2 


P 4 » (l-r)p 8 


: V?T 


i. (l-r, Mli 


Mr 


W57 

"3T 


u * rl 


*4^ 

~5T 


( 10 ) 


0* th^Vils^rtSr of tb ? ****** wine » h ere choking 

■1 t h turbine no* tie occurs, the value of ^ 

** V®yS 4 beoases oonet.mt. (For example in the region of 
pressure rstioe P 4 /p 6# Above 2.5 for tho turbine shown i n 
figure 12(a)). then thie value of tvSJ/6 4 i« substituted 
Into epiatlon (10) and a value le Assiaed Car r It la Dosalhi 

valuee* to C ^ ut y th * *® lu# t 4 Ai for desired deal 

25^5^1 Pg/Pi* In ths noQ<-chokln< son# t he 

▼slue of Is not so sa tlly determined end the nore 



svery point in figure 19 1 « t possible operatl ng point ■ ■■ 

provided that the turbo jot engine it • quipped with s variable 
•roo dlaoharge nossle* At on; given rototiwo speed and 
compressor inlot tampersturc * 1# incraaaing tho combustor 

outlot temperature is oquivolont to throttling tho 

compressor* This causes an increase in compressor pressure 
ratio and adiabatic efficiency until o peak value la reached* 
jtceafc ivc oerabueto r outlot temperature will carry operation 
past peak conditions to surging* 


















When the angina is provided with a fixed diaoharge no * ala 
then for an; given flight Kaon mutter* operation at an; one tip 
epead faotor V/ x/v^ io limited to one value of Figure 

13 shews for an illustrative nosule area A^ the lines of 
operation at Y * 0 and 7 3 0*1 (the method used to determine 
these lines is described io appendix C)« Xn the region of high 
rotative speeds the Jet velocity V* baeoaes supersonic 
so that the discharge nos tie Is ohoxad and the curves foi} 
various values of Y Emerge into a single curve* For a constant 
discharge no sale ares at any given value of Y and compressor 
Inlet temperature T^* «s the combustion oh amber discharge 
temperature ?g is reduced the compressor tip speed doorcases 
and operation at a rcduacc compressor pressure retie must be 
Accepted* 












Figure 14 shows the thrust factor ?/&i * the thrust per 




unit mass rate of air flow factor t/H /5T, and the specif le 
fuel consumption factor Wjr/F 7 ^, oi the turbojet online 
corresponding to the coaot lions show.; in figure 13 for values 
of Y of 0 and 0 «l f (i.o* flight hach numbers of u and 
0*707 raapeotlvel/) • 


The thrust factor and thrust per unit mass rate of air 
. flow factor are seen to increase appreciably wit! increase in 
T^/T^. The thrust per unit mass rata of air flow factor for 
a eonstant T 4 /T 1 remains almost constant or decreases with 
Increase i<: /t~ • this la a conaequenoe of the reduo felon in 

compressor efficiency which offsets U*e offset of increased 
pressure ratio pg/pj. when C/ \/$i lc Increased, The thrust 
factor* however* increases appreciably with U/ / 3 T boccuee 
of the at ton ding Increase in tbs sums flow factor* Avery point 
on this figure 14 is a possible operating point if the engine 
is provided with a variable area dlseharge nosale* A lint of 
constant mosaic area la also shewn in this figure* 



• tS • 
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The lowest value of the specific fuel consumption factor 
in figure 14 is obtained at of about 1550 ft/seo and 

a V*! of about 5. When operation la limited to the cons t ant 
discharge nozzle area line it is found that for Y a 0*1 (fig* 
14(b)), the epeolfic fuel consump tion factor is increasing as 
the value of Y^/T^ is decreasing to 5 (the minimum value of 

occurring et e T 4 /T^ of about 3.7). hence the 
desirability of a variable area diaeharc* nossle is apparent. 

the occurance of minimum W^/Fy'S^ at an Intermediate 

turbine inlet temperature vas anticipated from figure 9# The 
large reduction of compressor efficiency with increase in 
compressor tip speed at the range of higu (sae fig# 13) 

rasultad in the location of tha point of minimum specific fuel 
consumption factor in the range of intermeuiate tip speeds# 

For any given tip speed factor it is noted in figure 13 that 
operation at Y./Y^ of 3 occurs at a lower and lower 

than operation at T^/?j of 4# If low specific fuel 
consumption were the primary objective of the design, then 
by choosing * turbine of smaller nos tie erea it would be 
possible to move the location of the T,|/T^ c 5 line in 

figure 13 to the position of the T^/?^ * 4 line and 
realize at T^/T^ * 3 an Improvement in specific fuel con- 
sumption resulting from the increased pressure ratio and 
compressor efficiency# In this case operation at the high 
values of Tg/T^ will be displaced into the surge zone and 

some reduction in maximum thrust of the engine will result# 

Hence to obtain the ultimate in beth specific fuel consump- 
tion and thrust from a given angina a variable turbine nossle 
area as well as a variable area discharge nozzle would be 
beneficial# 

Figure 13 shows tha performance characteristics of a 
typical axial flow compressor# Comparison of figures 15 and 
13 shows the difference in characteristics between the. sy! al 
flow and centrifu£fcl compressors. At high tip speeds ; opera- 
tion at any given tip speed ie limited to a much narrower 
ranpe of mass flow for the axial flow than for the centrifugal 
flow compressor# Hence, tao turoine flow area must ba designed 
with greeter accuracy for the axial xlow than for the centri- 
fugal comprassor to obtain a proper match of turbine and 
acmpreaeor characteristics at the design point# 

The curve of compressor efficiency for a tip speed factor 
of 990 ft/sec is almost constant over tha limited range of 
pressure ratios shown in figure 15 for this speed; that Is over 
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th© pressure re tic rang© from 2,e to |«4« Outs id* this pressure 
ratio rang* the efficiency nay drop sharply* The shapes of 
th©a© curves arc very sensitive to th© details of the o em- 
press or design cad th© blade an^le settings. Th© axial flow 
eo mpreaecr ahewa lsaa loss in efficiency than the centrifugal 
compressor with increase in pressure ratio la th© ran*# an own* 
The axial flow ocapr©a*or has th© advantage over the single 
•tare centrifugal corner© as or in that it can be designed for 
any deeired pressure ratio by providing sufficient stages to 
insure good eta © ©f lclenelea, f or the centrifugal eompreeeor, 
an Increase in pressure ratio i* obtained by an increase in 
tip ©p©«d and hence velocities at the Impeller exit which are 
la the transonic and ©up©r©oni© ranges art eventually involved* 
This give© ria© to th© problem of efficiently converting th©»e 
?©lo«iti©a into praasura la tha diffuser* 



TVie variation of th© f©«tor * c 1 s muoh greater for th© 
axial flow then for tha centrifugal eowprees or* At | 
tip opesda, however* the variation in K c for tha axial 

compressor is sufficiently limited in the interesting opex 
raaise as to provide nearly constant turbine efficiency* 3 
turbine efficiency curve# in figure 15 were obtained from 
figure 12 and equation (9) and rcl fee to a turbojet c 
incorporating ths turbine and axial flow compressor | 
by the data In figures 12 and 15 respeetivaly. 


The lines of constant Sg/fW for this engine were computed 
in the manner described ia appendix B from the data of figures 
12 and 15* The Unoe for an illustrative constant aoaala area 
^ are also shown. 


The thrust factor, thrust par unit mass rate of air flow 
faetc , -ad opecifio fuel consumption faotor,are ahown in 
figure Id for the turbojet angina oorreapoading to the data of 
figure 15* The minimum value of the speolfl* fuel consumption 
factor In figure 15 la obtained at a value of T^/T^ of 9 

and occurs at the highest tip speed factor shown. The foot that 
ooupres*or effloleney does not fall off with increase in Up 
speed in the range shown contributes to the oeouranoe of 
Blni.UK VnSx •» th. hl«h B/v«x. It .ho old o. net .a th*t 
the ourves for the axial flow compressor do not cover as nigh 
a rang© of pressure ratios as the curves for the centrifugal 
compressor^ figures 15 and 14# 
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Figures 13 and 14 or 13 and 16 for a turbo jot engine with 
a oonatout discharge oossle area indicate that for a eonatant 
flight Saoh nnaber (constant valua of T) tho fact or a p/6. # 

:? A* # T o/ T l» VMfo each should plot aa a 

•ingle ourro against 0/v*x# rogardloaa of tho altltudo of 
operation (l.e. rogardloaa of atuoaphorlo pressure and 
temperature ) » This la found to bo true in praotioo axe apt 
for tna apoeiflo fual consumption factor* In this ease, tha 
assumptions of a constant combustion efficiency > , : i Y6n 
apoeiflo hoat of gaaaa during combustion for a given T^/T., 

do not hold In aotual operation* 

Performance of tho two illua tratlvo turbojet engines 

! 0t ln S lc ‘ ltiv * of performance 

obtainable with this typo of angina bacauaa no attempt waa 

wfili Coa ?° a : n 5f oharaatariatioa. It waa 

hoped* however* tnat tha alaouaaion of thass illuatrativa 
•%iosi would prowl da soma insight into tha manner in which 
tha parfomanoa ch .racteriatiea of tha cosmonenta influaaead 
parformanoa of tha angina , arid soiae understanding of tha 
baala oharaatarlatlas and liiaitati ona of thla typo of angina. 
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BSQUATIOUS FOR THE PERFORMANCE FIGURES 


Tha aquation mmbara corraapood to thoaa in tha derii 
tion given in appandix C, rafaranca 6. 
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where value » of W^/HYa obtained from reference 10. 


















oil used in thill equations in addition to thou 
tho paper ere* 

average apeelflo hiat it consult prossur* of thi 
exhaust |M«i during tho expansion proem. This 
term, when used with the temperature ah—f» 
accompanying the expansion, gins the change 


gas constant or exhaust gas, (ft-lfc^Ulug) (°F) 
gas constant o t air, (f t-lb)/(slug) (©?) 
ideal work in a fchermodynaaio process, rt-lb/lb 


fcSTuS&Vtf*' 



oottbustloa, is used to determine thi i'uel 
consumption. (3tu)/(alug) (®F) 





A^PKSDIX a 


( 


The following it t procedure for plotting llnot of 
aontttnt T^/T^ on compressor characteristic curves such 

at fieurc 13 for a given turbojet engine* 

Equation (3) be written 

■J* , O „ *4 

»o 5T * s 57* r ‘t 17 C»> 

When T < |/T i it eliminated between equations (10) and (11) 
the ' results 


nr E- jl 

(• 6 i vw 





(is) 


She method of using equation (IS) to obtain the constant 
Zg/?! lines will be illustrated for the turbojet engine with a 
centrifugal oompresaor* 

1* delco v a po«nt ©a figure 13 at a value of and 

of P®/Pi for which the value of T^/T^ la desired* 

8* Read the corresponding values of M^/9^/6^ 9 K ft# and 
an approximate value of r .^ fro- figure 13* 

3* Corresponding to the approximate value of r <£ pick 
an approximate value of T* from figure IS and compute an 
approximate value of u/Vt fro* equation (9)* 


4* ?or a given value of r ooapute the approximate value 
of fro* equation (12)* 

6* Read fro* figure 12(a) the value V^/y ^ correspond- 
ing to the valuee of and previously obtained 

end from the same figure read *t v ^4^ 6 4* 

6* Compute Tg/T^ from equation (10)* Shi a is a first 
approximotlcu and In moat eaaes is sufficiently accurate* 

7* To evaluate a second approximation of T^/t^ first 
compute a new value of q/V t from the identity 


• 33 - 


u _ Ti 

B« Lefccrnine a now value of T ,^ from figure 18 
corresponding to the new value of u/V* end the value of 
'’ l /V'> 4 »(the latter faetor la used to find 


9# Hopeat atepa (4), ( 5 ), and (6)« 


1FPKHDIX C 


The following Is the method for loeatlng the operating 
lines of a turbojet engine equipped with a constant exhaust 
nossle area* such as are shown in figure 13* 

The Jet veloaiitfoenfceexpreaaed as 

£o 

f j “ c v v 8Jc p *6 1 ' p 5 


where 


6 


is the total temperature at turbine die charge, °rt 


p- is the total pressure at turbine discharge, 

(lb /sq ft absolute) 


from which 
V, 


75T 


2Jc p 619 


Po 
1 “■ Pb 


xzk 

r 


The mass flow through the exhaust nossle area is 
expressed as " 

/ I 1=1 

• P o f f o ▼ 

*fc * A n p # P» 2J0 P T 5 1 ” Pg 


where p_ is the stagnation density at turbine discharge, 
™ ' (slugs/cu ft) 


Thue 

«tVi 8 

*TTT - 


■y j 

2116 Jo Y 
R /5TT Pb f 


l 


1=1 



(14) 


This equation la uaed until the oritioal pressure ratio is 
reached* The value of the mass flow factor ronalns constant 
thereafter aa p^/pj becomes leaa than the critical pressure 
ratio* 


Prow energy considerations 
*8 » *4 * r 't v t a 

wjpr; 




from which 



The Jet velocity .factor 


V 





O 

M 


which who using the definition for X (seo symbols) 
and aquation (4) becomes , 


v^r* *v*r 


|j#jo pa di9 rr 


(16) 


The procedure for determining the design point nossle area 
and the loous of the constant nosale area curve is outlined 
below and illustrated for the oase of a turbojet engine with a 
centrifugal compressor operating at Y : 0 * 1 . 


££teralnatlcn of caal/.. nozzle area 


1* Corresponding to the desired design point, chosen from 
a consideration of figures 15 end 14, reed the values of Pp/p^ 

U/ y®l • *4/^1* * /®1 /$!» * c# and an approximate value of r)t 

from figure 13, and the value of P/K from figure 14(b)* 

2* Corresponding to the approximate value of plek 

an approximate value of % frt® figure 12 (b) and compute an 
approximate value of u/V t from equation ( 9 ). 

5* For a given value of the ratio of combustor pressure 
drop to combustor Inlet pressure, r, Compute the approximate 
value of from equation ( 12 )* 

4* Read from figure 12(a) the value of f*/ /S 4 
corresponding t# the values of M t V t /< 5' 4 end u/V t previously 
obtained* 


5. Prom V^ /SJ , oaleulete 95/64 using equation (16). 


0* Calculate v |/ \/5^ using the values ef P/U \/5^ 
UAd T in equation (16). 



7. Prom the Identity 


_Ii_ , JLl Jh fh 

■v*i s&r v 9 5 \j t 4 

calculate Vj/ /©£ . Using this value in equation (13) 
de t e :mine p 0 / p^ • 

8. Using the value of p /p- ln equation (14) determine the 

mass flow factor / 5 . If the value of Po/pk is lees 

4 " 58 K t /®5 

than the critical pressure ratio, then the ssme value of -j — =- 

n °5 

as occurs at the critical pressure ratio is used, 

9, Assuming a ram pressure loss, the velue of JtA is 
evaluated. 


10, A n is then calculated from the identity 


/ 


M /*[ 

Si 

A * 

11 

^7" 


T 4 S 5 

V*T ^ 

\7T 


£5 

p. 


£» 

■■PI up* / f|g 

Determination of constant area curve 


Once the design area has thus been found, the operational 
points of the engine with this constant exhaust noszle area 
A n have to be determined at other rotational speeds. At any 

given U/ /$i the exhaust nozzle areas required for several 

operating points are determined by the method just outlined. 

The operating point corresponding to the design Ayj at thia 

given U/ /©i , is then determined by interpolation. This 
process is repeated for a sufficient range of values of U/ \/5J , 
and the line of constant A n located. 


To obtain the operating line of constant A n for another 
flight speed the procedure is repeated uaing the new value for Y, 

It is noted that the difference between M and was 
neglected in this procedure. 
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Figure I. - Schematic diagram of the 


jet-propulsion system. 
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Flight Mach number 
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200 


2.0 



V Q y519/T 0 , ft/sec 

Plgure 2.- Chart for determining Y, flight Mach number, and compressor Inlet 
total pressure for various airplane velocities and atmospheric temperatures. 


Pi ♦aPd 


NACA ARR NO. E6E 14 




at ▼. > 0, ft/**c 




(e) Effect of turbine reheat In further expansion from turbine 
discharge static pressure to atmospheric pressure is 
neglected. 

Flfure 4. - Chert for determining jet velocity. 
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'MG at any 7 0 , ft /sec 
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(b) Correction to Jet velocity due to reheat In turbine. 


Figure 4. - Concluded 


Compressor outlet total temperature, T< 
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Plgure 5, - Chart for determining the compressor outlet total temperature for various 
values of the faotor T (1 ♦ Y + Z). 
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temperature. (h = 18,900 Btu/lbl 




Y ♦ Ti c Z 


(b) Correction b. 



P2/P0 

(c) Correction c. 


Figure 7.- Chart for determining the factor 6. - l-a-b + c) 



W f /F, (lb fuel/hr)/(lb thrust) 



Figure 9. - Compressor pressure ratio and fuel rate per unit thrust for various thrust6 per unit 
sbss rate of air floe and combust ion -chamber discharge tempera tures for illustrative case. 

(t)^i 0.86 j 0.90; f) 0*96j h* 18*900 Btu/lb| 0#97j 1.00. ) 


Wf/F, (lb fuel/hr) /(lb thrust) 



Figure 9. - Continued. 


Specific fuel consumption, lb fuel/thp-hr 


W f /r, (lb fuel/hr) /(lb thrutt) 



(c) 733 feet per second} 412° R. 

Figure 9. - Cone laded* ~ 


2000 


2200 


Specific fuel consumption, lb fuel/thp-hr 


F/W, (lb thrust) /(slugs /sec) Specific fuel consumption, lb fuel/thp-hr 


I 



(a) Specific fuel consumption and thrust per unit air flow at various airplane 
velocities. 


Figure 10.- Performance of Jet-propulsion unit at conditions for minimum specific fuel consumption 
and for pressure ratios giving A=1 for Illustrative case, (T4, 1960° R: *ic» ri t , 0.90; 

tlf, 0.96; C V ,«D.97; h, 18,900 Btu/lb; €. 1.00.) 



Airplane velocity, V 0 , ft/sec 

(b) Compressor pressure ratios and A at various airplane velocities. 


Figure 10.- Concluded, 



Figure IX, - Comparison of performance aith constant and with constant at various 

compressor pressure ratios. <V Q = 753 ft/ sec; T 0 = 5X9° R; = 0.90; t) f = 0.96; 
h » 18,900 Btu/lb; C y = 0.97; £ = 1.00). 


slugs/sec 


V t /V^ 4 # ft/sec 



(a) Mass flow characteristics. 

Figure 12, — Single stage turbine characteristics# 



u/V t 

(b) Efficiency characteristics. 

Figure 12. - Concluded. Characteristics of a single stage turbine. 
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, slugs/sec 

Figure 13. - Characteristics of a centrifugal compressor. 



Figure 14. - Performance of turbojet engine with centrifugal compressor. (tK. » 0.96; 

C v = 0.97; £* 1.00; h = 18,900 3tu/lb). 1 


F/M f®l» (lb thrust )/(slug/sec) Wf/F'j&i, (lb fuel/hr)/(lb thrust) 



fbj Y a 0.1s night Nach No. « 0.707. 

Figure 14. - Concluded. Performance of turbojet engine with centrifugal compressor. = 0.96; 

C v = 0.97; 6 = 1.00; h = 18,900 Btu/lb). 
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Figure 15. - Characteristics of an axial-flow compressor. 


T /&^ , lb thruat F/M/©^, (lb thruat )/( elug/aec) /F/6^, (lb fuel/hr)/(lb thrust) 
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(b) Y * 0.1, flight Mach number = 0.707. 

Figure 16. - Concluded. Performance of turbojet engine with axial compressor 
- (rjj = 0.96; C v = 0.97; 6= 1.00; h = 18,900 Btu/lb). 


F/c&t# lb thrust F/M/©^, (lb thrust )/( alug/aec) (lb fuel/hr)/(lb thrust) 



Figure 16, 


(b) Y = 0.1, flight Mach r.uaiber = 0.707. 

- Concluded. Performance of turbojet engine with axial compressor 
(tlf = 0.96; C T = 0.97; € = 1.00; h = 16,900 Btu/lb). 
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